Backgrounds-Idiopathic ventricular arrhythmias (VAs) originating from the left ventricular outflow tract (LVOT) sometimes require catheter ablation from the endocardial and epicardial sides for their elimination, suggesting the presence of intramural VA foci. This study investigated the efficacy of sequential and simultaneous unipolar radiofrequency catheter ablation from the endocardial and epicardial sides in treating intramural LVOT VAs. Methods and Results-Fourteen consecutive LVOT VAs, which required sequential or simultaneous irrigated unipolar radiofrequency ablation from the endocardial and epicardial sides for their elimination, were studied. The first ablation was performed at the site with the earliest local ventricular activation and best pace map on the endocardial or epicardial side. When the first ablation was unsuccessful, the second ablation was delivered on the other surface. If this sequential unipolar ablation failed, simultaneous unipolar ablation from both sides was performed. The first ablation was performed on the epicardial side in 9 VAs and endocardial side in 5 VAs. The intramural LVOT VAs were successfully eliminated by the sequential (n=9) or simultaneous (n=5) unipolar catheter ablation. Simultaneous ablation was most likely to be required for the elimination of the VAs when the distance between the endocardial and epicardial ablation sites was >8 mm and the earliest local ventricular activation time relative to the QRS onset during the VAs of <-30 ms was recorded at those ablation sites. Conclusions-LVOT VAs originating from intramural foci could usually be eliminated by sequential unipolar radiofrequency ablation and sometimes required simultaneous ablation from both the endocardial and epicardial sides. (Circ Arrhythm Electrophysiol. 2015;8:344-352.
T he left ventricular outflow tract (LVOT) is the second most common site of origin of idiopathic ventricular arrhythmias (VAs) after the right ventricular outflow tract. [1] [2] [3] [4] Although endocardial radiofrequency catheter ablation (RFCA) is highly successful for idiopathic right ventricular outflow tract VAs, 1 epicardial RFCA is sometimes required to cure LVOT VAs because the LVOT muscle is thicker than that of the right ventricular outflow tract. [3] [4] [5] [6] Anatomically, successful RFCA sites of idiopathic LVOT VAs include the aortic root, endocardium underneath the aortic valve that is termed the aorto-mitral continuity (AMC), and epicardial surface of the left ventricle (LV) that is termed the LV summit, and can be reached by an ablation catheter through the great cardiac vein (GCV) or a transpericardial approach. [2] [3] [4] [5] [6] The AMC and LV summit face each other with the superior end of the LV muscle between them. 5, 6 The availability of irrigated radiofrequency ablation catheters to create deeper radiofrequency lesions has significantly improved the outcome of RFCA of idiopathic LVOT VAs. 7 However, RFCA of idiopathic LVOT VAs is still sometimes challenging because of the close proximity of VA origins to the coronary arteries, 6,7 a thick epicardial fat pad, 6, 7 and intramural sites of origins. 4 There are 3 alternative configurations for treating intramural VA origins in this region that may overcome these limitations: first, unipolar radiofrequency current may be applied in a sequential manner from the endocardium followed by the epicardium (or vice versa); second, unipolar radiofrequency current can be applied simultaneously from 2 catheters positioned on the endocardial and epicardial LVOT; third, radiofrequency current may be applied in a bipolar configuration from the distal electrode of the 2 catheters. 8 However, bipolar RFCA may not be effective when there is an impedance mismatch between the AMC and GCV as the higher impedance of either electrode will limit the current that can be applied to both electrodes. The purpose of this study was to determine the efficacy of the sequential unipolar and simultaneous unipolar RFCA configurations when used on the endocardial and epicardial sides of the myocardium to treat intramural LVOT VAs.
Methods

Patient Characteristics
The study population consisted of 64 consecutive patients from a single center (30 men, mean age 54±15 years [range 18-83]) with symptomatic idiopathic sustained ventricular tachycardias (VTs) (n=14), nonsustained VTs (n=15), or premature ventricular contractions (PVCs) (n=35), which presumable origins were identified in the AMC, LV summit, or intramural sites between these endocardial and epicardial sites. Echocardiography and exercise stress testing or coronary angiography demonstrated no evidence of structural heart disease in any patients. The baseline characteristics including the age, sex, LV function, nature of the clinical arrhythmia, and 12-lead ECG during the VAs were recorded. The institutional review board approved the study protocol, and all patients provided written, informed consent for the procedure. All antiarrhythmic drugs were discontinued for ≥5half-lives before the study.
Electrophysiological Study
For mapping and pacing, a quadripolar catheter was positioned via the right femoral vein at the His bundle region and a deflectable decapolar catheter in the coronary sinus. The coronary sinus catheter was advanced into the GCV as far as possible until the proximal electrode pair recorded an earlier ventricular activation than the most distal electrode pair during VAs. 6, 7 Mapping and pacing were performed using a 7.5F, 3.5-mm tip irrigated ablation catheter (Navistar ThermoCool, Biosense Webster, Diamond Bar, CA) introduced from the right femoral vein (for the right ventricular outflow tract and GCV) or right femoral artery (for the endocardial LVOT). During the procedures in the endocardial LVOT, intravenous heparin was administered to maintain an activated clotting time of >300 seconds.
Mapping and RFCA
Activation mapping was performed in all cases to identify the earliest site of ventricular activation during the VT or PVCs. Pace mapping was performed using the distal bipolar electrodes at a pacing cycle length of 500 ms and at the minimum stimulus amplitude required for consistent capture (up to a maximum output of 20 mA and pulse width of 2.0 ms). The pace map score was determined as the number of leads with identical heights of the R wave/depth of the S wave (R/S) ratio match (12 represented a perfect R/S ratio match in all 12 leads), as well as the number of leads with fine notching matches in the 12lead ECG as previously reported (perfect pace mapping was equal to 24 points). 1 An excellent pace map was defined as a pace map with a score of >20.
When the earliest ventricular activation preceded the QRS onset by ≥20 ms and an excellent pace map was demonstrated in either the AMC or GCV, irrigated unipolar radiofrequency current was applied at this site. When there were no sites with such an early activation or excellent pace map in these regions, epicardial mapping via a subxiphoid approach was performed with irrigated ablation catheters to seek an earlier ventricular activation or excellent pace map on the LV epicardial surface as previously reported. 6, 7, 9 When a more suitable site for ablation was identified on the epicardial surface, irrigated unipolar radiofrequency current was applied at that site. If the first irrigated unipolar radiofrequency application from the AMC or GCV was unsuccessful, a second irrigated unipolar radiofrequency application was delivered at the site with the earliest ventricular activation on the opposing side (sequential unipolar ablation [SEQ-ABL]).
If the sequential endocardial/epicardial ablation configuration was unsuccessful, irrigated unipolar radiofrequency current was 
WHAT IS KNOWN
• The availability of irrigated radiofrequency ablation catheters to create deeper radiofrequency lesions has significantly improved the outcome of radiofrequency catheter ablation of idiopathic ventricular arrhythmias (VAs) originating from the left ventricular outflow tract.
• Radiofrequency catheter ablation of idiopathic left ventricular outflow tract VAs is still sometimes challenging because of the close proximity of VA origins to the coronary arteries, a thick epicardial fat pad, and intramural sites of origins.
WHAT THE STUDY ADDS
• Idiopathic left ventricular outflow tract VAs likely originating from intramural foci were eliminated by irrigated radiofrequency catheter ablation from both the endocardial and epicardial sides.
• Idiopathic intramural left ventricular outflow tract VAs were usually eliminated by irrigated unipolar radiofrequency current applied sequentially from the endocardial and epicardial sides but required a simultaneous delivery of irrigated unipolar radiofrequency current to both the endocardial and epicardial sides for their elimination when the distance between the endocardial and epicardial ablation sites was >8 mm and the local ventricular activation time relative to the QRS onset during the VAs of earlier than -30 ms was recorded in the aorto-mitral continuity or great cardiac vein. simultaneously applied to the distal electrodes of 2 catheters using 2 radiofrequency generators (Stockert, BioSense Webster) at the same sites that were used for the sequential configuration (simultaneous unipolar ablation [SIM-ABL]; Figure 1 ). Irrigated radiofrequency current was delivered in the power-control mode starting at 20 W in the GCV and 30 W at the AMC and on the epicardial surface with irrigation flow rates of 30 mL/min. The radiofrequency power was independently titrated up to 30 W and 40 W, respectively. The same setting was used for both sequential and SIM-ABL. The goal of radiofrequency applications was to achieve a decrease in the impedance of 8 to 10 Ω and with care taken to limit the temperature to <45°C as monitored from both radiofrequency generators. During the epicardial RFCA using transvenous and transpericardial approaches, simultaneous left coronary angiography was performed to ensure the location of the ablation catheter relative to the left coronary arteries and to detect evidence of thermal injury to the vessel. A radiofrequency application was never delivered within 5 mm of a coronary artery. When an acceleration or reduction in the frequency of the VT or PVCs was observed during the first 10 seconds at the AMC and 20 seconds in the GCV of the application after the radiofrequency power was titrated up to the maximum target, the radiofrequency delivery was continued for 30 to 60 seconds. Otherwise, the radiofrequency delivery was terminated, and the catheter was repositioned. The end point of the catheter ablation procedure was the elimination and noninducibility of VT or PVCs during an isoproterenol infusion (4 μg/min) and burst pacing from the right ventricle (to cycle lengths as short as 300 ms).
Electrocardiographic Analysis
Simultaneous 12-lead electrocardiograms during VAs and pace mapping were recorded digitally at sweep speeds of 200 mm/s in all patients for offline analysis. The QRS morphologies including a bundle branch block pattern, axis, configuration in leads I and V6 were examined. In lead I, the presence of an R wave was the main concern because the absence of R waves suggested a VA origin located in the LV free wall. In lead V6, the main concern was the presence of S waves, which were considered to be a characteristic and convenient electrocardiographic finding of AMC VAs, 5 probably because the S waves in lead V6 are consistent with a right bundle branch block pattern, usually present in VAs with LV endocardial origins. The QRS duration, maximal R wave amplitude in the inferior leads, and maximum deflection time in the precordial leads were measured with electronic calipers by 2 experienced investigators blinded to the site of origin. The maximum deflection time was measured from the QRS onset to the maximum deflection in each precordial lead. If there were discrepancies between those results, they were adjudicated by a third investigator. The maximum deflection index was calculated by dividing the shortest time to the maximum deflection in any precordial lead by the QRS duration. 10 The ratio of the Q wave amplitude in leads aVL to aVR (aVL/aVR) and that of the R wave amplitude in leads III to II (III/II) were also calculated. 3 An maximum deflection index of >0.54 was used as a predictor of an epicardial focal VA origin according to previous reports. 4, 10 
Follow-Up
Follow-up after the procedure included clinic visits with 12-lead electrocardiograms and 24-hour Holter monitoring, and telephone calls to all patients and their referring physicians. All patients reporting symptoms underwent 24-hour Holter monitoring or event monitoring to document the cause of the symptoms. Successful RFCA was defined as no recurrence of VA during > 6 months of follow-up.
Statistical Analysis
Continuous variables are expressed as the group mean±1SD or median with the first and third quartiles (Q1 to Q3). Comparisons of the continuous variables between the 2 groups were analyzed with the Student t test or Mann-Whitney U test. The categorical variables expressed as numbers and percentages in the different groups were compared with a χ 2 test and Yates correction if necessary. The P values were 2-sided, and statistical significance was selected at a value of P<0.05.
Results
Mapping and Ablation
The results of the mapping and catheter ablation are shown in Figure 2 . Transpericardial mapping was performed in 14 patients because the earliest ventricular activation within the GCV preceded the QRS onset by <20ms. Among those 14 patients, RFCA was unsuccessful in 6 because the VAs presumably originated from the inaccessible area of the LV summit with close proximity to the coronary arteries and thick fat pads. In 6 patients, RFCA was successful on the epicardial surface in the accessible area of the LV summit. In the remaining 2 patients who eventually required unipolar RFCA from both the AMC and GCV, no earlier ventricular activation was recorded on the epicardial surface than within the GCV. Irrigated RFCA only from a single site was successful in the AMC in 23 patients and LV summit in 21 (15 in the GCV and 6 in the accessible area of the LV summit). Irrigated unipolar RFCA from both the AMC and GCV was required for a successful ablation in 14 patients (Table 1 ). In 5 of these 14 patients, endocardial ablation was first performed in the AMC and transiently suppressed the VAs in one. In the remaining 9 patients, epicardial ablation was first performed within the GCV (Figure 3) and transiently suppressed the VAs in 4 ( Figure 4 ), and radiofrequency energy deliveries were limited because of high impedances in another 2. In one patient, the VAs were infrequent, and the first RFCA was performed within the GCV where there was a better pace map than at the AMC. After this, a second RFCA was performed in the AMC in 5 patients and in the GCV in 9. As a result, the VAs were eliminated by a second RFCA in 9 of 14 patients (3 of 5 patients with a first ablation in the AMC and 6 of 9 patients with a first ablation in the GCV). In the remaining 5 patients, the second RFCA was also unsuccessful, and an SIM-ABL was performed from the first and second ablation sites on both sides. The SIM-ABL was successful in all 5 patients (Figure 4 ). In 9 of the 14 patients, far-field ventricular prepotentials were recorded at the ablation sites ( Figure 5 ). In one of these 9 patients, a far-field ventricular prepotential preceding the QRS onset was recorded in both the AMC and GCV ( Figure 5 ). In this case, the first ablation in the AMC suppressed the PVCs and also attenuated the ventricular prepotentials within the GCV when the VA recurred ( Figure 5 ).
During the follow-up period (median; 40 and interquartile range; 25 months) after the successful ablation, all 14 patients remained free of any VAs without any antiarrhythmic drugs. No complications occurred.
Comparison of the Clinical Characteristics and Electrocardiographic and Electrophysiological Parameters Between the Sequential and Simultaneous Ablation Groups
There were no significant differences in the clinical characteristics between the 2 groups ( Table 2 ). The results of the electrocardiographic and electrophysiological parameters are summarized in Table 3 . There were no significant differences in the electrocardiographic parameters between the 2 groups. The local ventricular activation time relative to the QRS onset (V-QRS) at the successful ablation site was significantly earlier in the SIM-ABL group than in the SEQ-ABL group (−33.0±7.5 versus −20.4±5.4 ms; P=0.006). The atrial to ventricular electrogram amplitude ratio (A/V) at the successful ablation site was significantly larger in the SEQ-ABL group than in the SIM-ABL group (median=0.168, Q1 to Q3=0.095-0.38 versus median=0.025, Q1 to Q3=0.015-0.046; P=0.006).
The number of radiofrequency applications required for a successful ablation tended to be larger in the SIM-ABL group than in the SEQ-ABL group. The distance between the endocardial and epicardial ablation sites was significantly larger in the SIM-ABL group than in the SEQ-ABL group (11.4±2.9 versus 5.8±2.0 mm; P=0.001). There were no significant differences in the other electrophysiological parameters between the 2 groups. Comparing the LVOT intramural VAs, a distance between the endocardial and epicardial ablation sites of >8 mm, and V-QRS at the presumable ablation site of <−30 ms, predicted the requirement for an SIM-ABL with a sensitivity of 100% and 80%, specificity of 88.9% and 100%, positive predictive accuracy of 83.3% and 100%, and negative predictive accuracy of 100% and 90%, respectively ( Table 4 ).
Discussion
Major Findings
In the past decade, advances in procedural techniques, and improved understanding of electrophysiological mechanisms, have allowed catheter ablation to cure most idiopathic VAs arising from the endocardium and epicardium. [2] [3] [4] [5] [6] [7] 9 However, catheter ablation of idiopathic VAs arising from intramural foci remains challenging. 4 In addition, information regarding how to predict the presence of intramural foci and the best techniques to treat these VAs is limited. This study demonstrated that LVOT VAs could usually be cured by RFCA from either the endocardial or epicardial side. However, in a significant number of cases, radiofrequency current must be applied to both the endocardial and epicardial sides to eliminate LVOT VAs. Two thirds of these idiopathic intramural LVOT VAs were eliminated by irrigated unipolar radiofrequency applications sequentially delivered from the endocardial and epicardial sides, whereas the remaining one third were eliminated by irrigated unipolar radiofrequency applications simultaneously delivered from 2 different radiofrequency generators to the endocardial and epicardial sides.
Intramural Foci of LVOT VAs
For mapping of VAs with a focal mechanism, seeking the earliest ventricular activation and an excellent pace map is the gold standard for identifying a successful ablation sites because an earlier activation and better pace map suggest a closer proximity to the VA origin. 7 In 14 LVOT VAs in this study, the first RFCA delivered at the site of the earliest ventricular activation and best pace map on the endocardial or epicardial side were unsuccessful, and a subsequent RFCA delivered on the other side was required to eliminate the VAs. These findings suggested that these VAs originated from intramural foci in the LVOT. In several cases, radiofrequency energy deliveries within the GCV were limited because of high impedances and temperatures, resulting in insufficient radiofrequency lesion formation. It is uncertain whether a higher radiofrequency current application from the GCV would have eliminated these VAs. However, because RFCA from the endocardial site with a later ventricular activation eliminated the VAs, an intramural focus was more likely than an epicardial or subendocardial focus. A presystolic local ventricular activation during VAs also suggests a close proximity to the VA origin. 7 In all intramural LVOT VAs in this study, the local ventricular activations on both the endocardial and epicardial sides during the VAs preceded the QRS onset by >10 ms.
In this study, several idiopathic LVOT VAs were transiently suppressed during RFCA delivered from either the endocardial or epicardial side. This response to the ablation might be characteristic of intramural LVOT VAs. It is known that tissue edema can occur around radiofrequency lesions. 11 When the maximum temperature at the intramural focus is less than lethal or surrounding tissue edema affects the focus, the VA can be suppressed, but will recur. In one case in this study, RFCA from the AMC transiently suppressed the VAs and also attenuated the ventricular prepotentials within the GCV. These findings suggested that RFCA from the endocardial and epicardial sides could affect intramural LVOT VA foci by the formation of tissue edema, resulting in transient suppression of the VAs. These findings also suggested that far-field ventricular prepotentials recorded in the AMC and GCV during VAs might be characteristic of intramural LVOT VAs. According to the results of this study, the intramural LVOT VAs may be defined as in Table 5 .
Table 5. Definition of the Intramural LVOT VAs
Major criteria
The local ventricular activation <−10 ms on both the endocardial and epicardial sides.
The earliest local ventricular activation <−20 ms on either the endocardial or epicardial side.
Unsuccessful radiofrequency ablation at the site of the earliest local ventricular activation or best pace map, and successful sequential or simultaneous ablation at the sites directly across the wall.
Minor criteria
Transient suppression of VAs during radiofrequency ablation delivered from either the endocardial or epicardial side.
Far-field ventricular prepotentials recorded in the endocardial and epicardial sites during VAs.
LVOT indicates left ventricular outflow tract; and VA, ventricular arrhythmias.
Sequential Versus Simultaneous Unipolar Radiofrequency Ablation
In this study, unipolar radiofrequency current sequentially delivered from endocardial and epicardial sites sometimes failed to eliminate idiopathic intramural LVOT VAs. In those cases, unipolar radiofrequency current simultaneously delivered from the same endocardial and epicardial sites from separate radiofrequency generators could eliminate the VAs without any complications. These findings suggested that SIM-ABL delivered from the endocardial and epicardial sides might be another option for RFCA of LVOT VAs. There may be several possible mechanisms to explain these findings. First, SIM-ABL can increase the current density in the intramural region. Increase of current density can elevate the tissue temperature, resulting in a better radiofrequency lesion formation in the intramural region. Second, SIM-ABL can increase the heat load by having 2 areas of resistive heating on both sides of the wall. A conductive transfer of the heat from both sides of the wall can create a greater intramural damage during SIM-ABL. When radiofrequency energy is delivered simultaneously from the endocardial and epicardial sides, a deeper radiofrequency lesion from either side can be created more quickly. In one case in this study, the SIM-ABL terminated the sustained VT more quickly than the SEQ-ABL. This finding might support those possible mechanisms to explain the advantages of an SIM-ABL of idiopathic intramural LVOT VAs over an SEQ-ABL.
In this study, an SIM-ABL was required when the distance between the endocardial and epicardial ablation sites was >8 mm. An experimental study revealed that the lesion depth created by an irrigated unipolar RFCA with an output of 30 W was 5 to 8 mm. 12 Therefore, when intramural VA foci are located deeper than 5 mm from both the endocardial and epicardial ablation sites, the radiofrequency lesion by an SEQ-ABL from either site may not eliminate the VA foci. In such a setting, the distance between the endocardial and epicardial ablation sites might be theoretically >10 (5×2) mm. Therefore, the results of this study were considered reasonable for real world practice. The A/V amplitude ratio Note that the patient was also in atrial flutter. A far-field ventricular prepotential was recorded from the ablation catheter positioned within the great cardiac vein (GCV) (ABL-d). B, Cardiac tracings exhibiting the effective (top) and successful ablations (bottom). An effective ablation was achieved by a radiofrequency ablation within the GCV, and the successful ablation was achieved by a simultaneous unipolar radiofrequency ablation from the GCV and aorto-mitral continuity (AMC). Note that the ventricular tachycardia terminated more quickly during the successful ablation than the effective ablation. ABL (abl) indicates the ablation catheter positioned within the GCV (AMC).
at the ablation site was significantly greater in the SEQ-ABL group than the SIM-ABL group, suggesting that VAs foci eliminated by SEQ-ABL might be located at a more basal side than those eliminated by SIM-ABL. These findings were consistent with the anatomic findings that the LV muscle thickness tapers toward the LV base. 13 The V-QRS at the successful ablation sites during VAs eliminated by SIM-ABL was usually earlier than -30 ms, whereas that during VAs eliminated by SEQ-ABL was always later than -30 ms. When intramural foci are located the deeper inside ventricular muscle, it may take the longer for the activation from such VA foci to activate a mass of ventricular muscle large enough to cause a QRS onset. When the V-QRS during VAs of earlier than -30 ms is recorded in the AMC or GCV, SIM-ABL is likely to be required to eliminate the idiopathic intramural LVOT VAs.
Simultaneous Unipolar Radiofrequency Ablation Versus Other Ablation Techniques
Bipolar radiofrequency ablation using 2 ablation electrodes may have a disadvantage for the catheter ablation of idiopathic intramural LVOT VAs compared with a SIM-ABL. Bipolar ablation delivers the same current to both ablation electrodes, whether or not the electrodes are irrigated. This may be a significant restriction when a lower power setting is prudent because of the risk of a steam pop at either electrode location. In contrast, SIM-ABL allows the power settings to be individually titrated at both ablation electrode locations. Thus, there is greater flexibility with simultaneous unipolar than with bipolar radiofrequency ablation, perhaps offering greater safety and efficacy.
An intramural needle ablation catheter has been developed to create an intramural radiofrequency lesion. 7, 14 This catheter is not yet commercially available but may be helpful to eliminate intramural LVOT VA foci as discussed in this study. The efficacy of this catheter for the intramural LVOT VAs should be tested in the future.
Conclusions
This study revealed that LVOT VAs likely originating from intramural foci were eliminated by irrigated RFCA from both the endocardial and epicardial sides. These intramural LVOT VAs were usually eliminated by irrigated unipolar radiofrequency current applied sequentially from the endocardial and epicardial sides but required a simultaneous delivery of irrigated unipolar radiofrequency current to both the endocardial and epicardial sides for their elimination when the distance between the endocardial and epicardial ablation sites was >8 mm and the V-QRS during the VAs of earlier than -30 ms was recorded in the AMC or GCV. Figure 5 . Cardiac tracings exhibiting the change in the ventricular prepotential (arrowheads) recorded within the great cardiac vein (GCV) before and after the ablation from the aorto-mitral continuity (AMC). The ablation from the AMC suppressed the premature ventricular contractions and also attenuated the ventricular prepotential. ABL indicates the ablation catheter positioned in the AMC.
